The European put-call parity condition is used to estimate the early exercise premium for American currency options traded on the Philadelphia Stock Exchange. Using a sample of 331 pairs of call and put options with the same exercise price and time to expiration, evidence is provided for early exercise premia that average 5.03% for put options and 4.60% for call options. The premia for both call and put options are strongly related to the interest rate differential and time to expiration. These results have implications for the use of European option pricing models in the valuation of American options.
The Early Exercise Decision
Despite being essential to the valuation of American options, the trading fundamentals of the early exercise decision have not received much attention. An understanding of the optimal solutions for the relevant market participants is needed to explain the behavior of the early exercise premium. Two general decision problems are encountered: maximizing the discounted expected value for the option holder; and maximizing arbitrage profit for a market maker. The solution of the arbitrage for the market maker determines the prices which are used in the option holder decision problem. In many cases, as the American option goes deep in the money the market maker will only be willing to quote the intrinsic value (time value equals zero) providing no incentive for the holder to sell the option in the market instead of exercising early.
3 When the discounted expected value of holding the option to maturity is less than that for exercising the option and holding the underlying security obtained until the expiration date, early exercise is triggered. For call options on stocks paying dividends at discrete intervals, this typically occurs for dividend payment dates close to the expiration date. For options on currencies, the difference between the foreign and domestic interest rates drives the early exercise decision.
Two necessary conditions for the occurrence of an early exercise event are that: there be a traded American option to exercise; and, the option being exercised is in the money. In practical terms, this means that options for exercise were created at a prior time when the relation between spot price, exercise price and time to expiration required a non-trivial time value in the option price. Because option exercise involves a surrender of the time value that could be obtained if the option is sold instead of exercised, at the time of an exercise event, the prices quoted by the market maker are effectively equal to the intrinsic value, having little or no time value. To see this, consider the market maker's (bid) quote at time t for a deep in the money call option on a non-dividend paying stock, e.g., Poitras (2002, p.378-81) . In order to hedge this purchase at price C(t), the market maker would short the stock at s(t) and invest the balance in a riskless bond maturing on the expiration date. If the deep in the money option is quoted at intrinsic value (s(t) -X) B stock price minus exercise price B then after purchasing the call option and shorting the stock the market maker would be able to invest X in the riskless bond at interest rate r. Assuming perfect markets, this would generate a profit (B) on the expiration date (T) of:
Because this represents a profit in all future states of the world, it follows that the market maker would quote a higher price than the intrinsic value and the call option would be sold by the holder and not exercised. This is the basis for the well known result that the early exercise premium for an American call option on a nondividend paying stock is zero because the probability of early exercise is zero.
For an option on a stock with discrete dividend payments, the short stock position will also be responsible for any dividends paid between the trade date and the expiration date. Taking D to be the future value of the dividend payment evaluated at T, the profit for the market maker is now:
For dividend payment dates close to the expiration date, this profit can be negative and there is no incentive to quote prices above intrinsic value. In this case, the option holder will receive max[0, s(T) -X] if the option is held to maturity. If the option is exercised early, an instant before the ex dividend date, the holder will borrow X and use the funds to purchase the stock. At expiration the profit will be:
Assuming the option is far enough in the money and the time to expiration is short enough that the probability of s(T) < X is zero, then early exercise will be more profitable than holding the call option to maturity if the value of the dividend received exceeds the interest cost of the funds borrowed to exercise the option.
The early exercise decision for currency options differs substantively from equity options. In particular, let S(t) be the exchange rate measuring the value of 1 unit of foreign currency in terms of a reference (domestic) currency. As such, a call option giving the right to purchase 1 unit foreign currency in exchange for a stated amount of the reference currency is identical to a put option giving the right to sell the stated amount of reference currency in exchange for 1 unit of foreign currency. If the call option is quoted at intrinsic value at time t, then the market maker can borrow 1 unit of foreign currency at foreign interest rate r*, convert at S(t) to buy the call option for S(t) -X and invest the remaining funds at the domestic interest rate r in a riskless bond. The market maker's profit at T would be:
Similarly, the market maker profit for a put option would involve borrowing X in the domestic market, buying the put option at intrinsic value X -S(t) and converting the balance of funds to foreign currency, investing at the foreign interest rate and converting the proceeds back to the reference currency at S(T). The market maker profit in this case is:
(T) = (S(T)e r* (T -t) ) + max[0, X -S(T)] -X e r (T -t)
It follows that, as the call or put gets deep in the money, the incentive for the market maker to quote prices above intrinsic value depends on (r -r*).
Faced with quoted prices at intrinsic value, the deep in the money call option holder at time t will borrow X at interest rate r, exercise the option by paying X to receive S(t), converting to 1 unit of foreign currency, investing at r* and converting the proceeds back to the reference currency at S(T). At time T, the profit would be: T -t) Assuming the call option is deep enough in the money that the probability of S(T) < X is zero, early exercise will be triggered whenever this value exceeds the profit from holding the option to maturity (max[0, S(T) -X]), i.e., when r* > r. Similarly, early exercise for the put option will be triggered when r > r*. Unlike equity options, where early exercise is triggered by discrete dividend payments close to the expiration date, currency options depend on the difference between r* and r, and how deep in the money the option is. Early exercise can occur for relatively long dated currency options, if the option is deep enough in the money that the probability of the option finishing out of the money is negligible. Because of the lack of incentives for the market maker to quote prices above intrinsic value for deep in the money options, early exercise has additional value for option holders seeking to sell the position prior to maturity.
Methodology
Zivney (1991) provides a methodology to derive the early exercise premium for American options on an equity index using the European put-call parity condition. This is of practical importance because exchange traded options are usually American, while closed form pricing formulas are only available for European options. 4 Recognizing the difficulties associated with discrete dividend payments of the equity index used by Zivney (1991), De Roon and Veld (1996) refine this methodology for an index in which dividends are automatically reinvested. Other sources, such as Dueker and Miller (2003) , Poitras (2002,p.396-7) and Engström and Nordén (2000) , also examine the implications for equity options. 5 As discussed above, this focus on equity options in previous studies is significant due to differences in the early exercise decision for currency options. In general, the incentives to exercise currency options early are significantly greater than for equity options. In addition, the net interest gains from early exercise for currency options will typically be larger than comparable gains for equity options, due to the relatively smaller size of dividend payments compared to interest payments.
Adapting the Zivney (1991) methodology to currency options, deviations from European put-call parity are used to measure the early exercise premium for American currency options. Using continuous compounding, European put-call parity has the following form:
where: c(t) is the European call price and p(t) is the European put price, both unobserved at t. Using (1), the unobserved early exercise premium (EEP) can be estimated by subtracting the observed theoretical European option price differential given on the right hand side (rhs) of (1) from the observed American option price differential, which leads to:
where C(t) and P(t) are the time t prices of American call and put options, respectively, and the EEP are defined as: C(t) = c(t) + EEP C and P(t) = p(t) + EEP P . Given that the rhs of (2) produces an observable estimate for the difference of EEP's, properties of the EEP specific to currency options are used to enhance the estimate for the individual EEP's. In empirical estimation, the early exercise premium for the currency options are checked for consistency with the boundaries for the early exercise premium imposed by put-call parity.
The options data are divided into two subgroups with respect to "moneyness" defined using the ratio of the spot price to the exercise price (S/X). In-the-money puts (S < X) and in-the-money calls (S > X) are used to identify the two groups. Options that are near-the-money are not considered since the difference of the early exercise premiums for the options in this group can be attributed to both call and put options. More precisely, as the call (put) option goes deeper into the money, the EEP P (EEP C ) for the paired put (call) option goes to zero because the probability of the option going deep enough into the money B a necessary condition for early exercise B gets small. In this case, the EEP difference in (2) is due only to EEP C (EEP P ).
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The exact definitions of moneyness for the paired groups used in Section 4 are as follows:
In-the-money puts S/X < 0.99
These values are more restrictive than those in Poitras et al. (2007) where S/X < 0.995 and S/X > 1.01 are used to filter the sample of PHLX puts and calls respectively. The sharper boundaries result in a reduction in the number of available pairs from 529 to 372.
Following de Roon and Veld (1996) , a multiple regression model is used to test the impact of four independent variables on the early exercise premium. The dependent variable used in the model is the relative early exericise premium (REEP). This is the early exercise premium as a percentage of the option price.
More precisely, REEP is calculated as the absolute value of (A) minus (B) divided by the in the money option price in which (A) is the difference between the American call and put price and (B) is the difference between the call and put price as implied by European put-call parity. The general regression equation being estimated is:
The first independent variable to be considered involves the dependence of REEP on the difference between domestic and foreign interest rate levels. For calls, the REEP should increase as the difference between the foreign and domestic interest rates increases. This follows because the European lower boundary is S e -r* (T-t) -X e -r(T-t) which is lower than S-X when r* > r. In such cases, there is an incentive for the call to be exercised early which increases as the interest rate difference becomes larger. The situation for puts is the reverse: if the domestic rate is higher than the foreign rate, the REEP will be larger for the put. Comparison of the European lower bound with the intrinsic value leads to a second hypothesis that the early exercise premium increases with time to expiration. This holds for both calls and puts. However, this relationship is partially offset by the influence of time to expiration on the time value. As time to expiration increases, the probability that the option will be sold rather than exercised also increases.
Following Poitras et al. (2007) , it is expected that the REEP for calls will increase as the third independent variable B the ratio of the spot price to the exercise price (S/X) B increases. However, this relationship is not monotonic. On the one hand, when the spot price is higher than the exercise price, calls are in-the-money and thus, are more likely to be exercised. On the other hand, if the option gets very deep in the money, the theoretical trading value of the call reduces to S e -r* (T-t) -Xe -r(T-t) , which is lower than the intrinsic value of S-X.
In such a case early exercise will be optimal for the option holder and such options with be exercised and not be captured in the data set. The effect for puts is the opposite sign for calls. The early exercise premium is expected to decrease in absolute terms as the ratio of the spot price to exercise price increases because puts are moving in the direction of out-of-the-money. For the fourth independent variable it is expected that the REEP increases as the exchange rate volatility increases. This hypothesis is not obvious. Jorion and Stoughton (1989) argue that a greater volatility raises the optimal exercise boundary for all maturities.
However, it also increases the dispersion of future spot prices which makes it more likely that this boundary is struck before the option's maturity. According to Jorion and Stoughton (1989) the net effect is that increases in volatility also increase the value of the early exercise premium. The volatility is estimated as the implied volatility of the call option with the same exercise price and time to expiration on the day prior to the observation date (F call, t -1 ). 
Data and Empirical Results
Closing prices for currency options traded on the Philadelphia Stock Exchange (PHLX) are examined for the period from January 2, 1992 to September 24, 1997. Over this period, the currency options on the PHLX experienced active trading and high volumes. The data covers the six currencies that were most actively traded, i.e. the Australian Dollar, the British Pound, the Canadian Dollar, the Deutsche (German) Mark, the Japanese Yen, and the Swiss Franc. Data on the exercise price, expiration date, spot exchange rate, and the closing prices of the options are derived from the PHLX database. The original database consists of 2,389 pairs of American call and put options that have the same trade date, underlying value, and exercise price.
The data sorting process eliminates the options that are at-the-money (1,233), because in this case it is most difficult to attribute the EEP solely to either puts or calls. From the 1,156 options that are left, options with prices that are not consistent with the boundaries of the American put-call parity are eliminated (325). [Insert Table 1 here] Table 1 summarizes the valuation of early exercise premium in the two groups. The table shows average premiums as a percentage of the average call or put price. In table 1, the average early exercise premium as a percentage of the put price is 5.03%. The Japanese yen puts show the largest average early exercise premium compared to the puts on the other currencies, as expected for a country with the largest positive interest rate differential. The average early exercise premium as a percentage of the call prices is 4.60%. As expected, the largest early exercise premium occurs for the countries with a negative interest rate differential.
The overall results in table 1 are somewhat different from the results of Poitras et al. (2007) where the reported premiums of 5.71% for puts and 6.88% for calls are significantly larger. Given that Poitras et al. (2007) has the same sample except that a narrower range (.995 < S/X < 1.005) is used for defining at the money and the 41 outliers are included, the results for the (.99 < S/X < 1.01) with the outliers included are 5.89% for puts and 7.76% for calls. The largest outlier premiums are for the Deutsche Mark in both groups, likely caused by the large fluctuations in German interest rates in 1992-1993. The large fluctuations also explain why the average difference between the US and the German interest rate is positive for put options and negative for call options. In general, the differences within each group between the early exercise premiums for the different currencies can be substantial. For example, in Group 1 (puts) the early exercise premium for the Japanese Yen is 6.37% while the premium for the British Pound is only 2.78%. In Group 2 (calls), the premium for the Canadian dollar is 7.57%, while it is only 2.78% for the Swiss Franc. These large differences are consistent with there being significant cross-sectional variation in foreign interest rates.
[Insert Table 2 here] Table 2 includes descriptive statistics for the dependent and independent regression variables for the 331 put and call option pairs in the sample. Examining the descriptive statistics reveals that the time to expiration of the options in the sample varies between five days and a little more than a year. The ratio of spot price to exercise price shows that most options are not very far in-the-money or out-of-the-money, since the ratio never exceeds 1.121 for call options and is never below 0.910 for put options. The mean values of 0.98 for puts and 1.03 for calls are close to the in the money boundaries of 0.99 and 1.01 used to define the sample. This is consistent with the theoretical result from Section 2 that very deep in the money options will be exercised and not sold because market makers will not quote prices above intrinsic value. The maximum EEP values of 14.62% for calls and 14.84% for puts can be compared to the maximum values for the sample with outliers included of 22.00% for puts and 34.09% for calls (Poitras et al. 2007 ).
[Insert Table 3 here] Table 3 reports results for the regression of the relative early exercise premium (REEP) on the four independent variables. The coefficients for the interest rate differential confirm that the REEP is positively related to the difference between the domestic (US) and the foreign interest rate for puts and negatively for calls. The relevant coefficients in the put and call regressions are both significant at the 1%-level. The results for time to expiration also both give the hypothesized sign, with the coefficient in the call regression being significant at the 1%-level and the coefficient in the put regression having a p-value of 7.84%. While insignificant, the results for moneyness do not give the hypothesized sign: the relationship between REEP and S/K is positive for puts and negative for calls when the opposite signs are expected. This result is much different from Zivney (1991) who finds that the coefficient of the moneyness is the correct sign and highly significant. This is likely caused by differences between index options and currency options. Finally, the coefficients for volatility in both the put and call regressions are positive, as expected, though neither is statistically significant. In this context, the empirical results of Jorion and Stoughton (1989) report a negative, albeit insignificant, relation between the early exercise premium for put options and volatility.
[Insert the coefficient on time to expiration is highly significant and the correct sign in both regressions. In addition, the sign of the S/X coefficient in the put regression is now as predicted, albeit insignificantly. Though the S/X coefficient in the call regression in table 4A is now significantly different than predicted, the coefficient on volatility is as predicted and highly significant. These favorable results can be contrasted with the P 2 (8) values generated by White's heteroskedasticity test for the call and put regressions. For the While all the P 2 (8) values reject the null of homoskedasticity, the table 3 regressions are decidedly closer to this null and favor the sample with outliers excluded.
Another result from the table 4A regressions is that the unexpected negative sign for the S/X variable observed in the call regression in table 3 continues. In addition, the volatility variable is now highly significant in the call regression. In contrast, the put regression of table 4A has the correct sign for both S/X and volatility but both coefficients are insignificant. This suggests the functional form of the regression equation may be mis-specified. To address this point, 
Conclusions
This paper adapts the methodology of Zivney (1991) for estimating the early exercise premium to currency options. Using the put-call parity condition to proxy the difference in the price of European call and put options with the same exercise price and time to expiration, empirical estimates of early exercise premia that average 5.03% for put options and 4.60% for call options are provided. These estimated premia are found to be lower than those obtained when the sample is not adequately filtered for outliers. Adapting the regression specification of de Roon and Veld (1996) to currency options, regression estimates indicate that early exercise premia are strongly influenced by the interest rate differential and, to a lesser extent, the time to expiration. While the estimated coefficient for implied volatility is the correct sign in both put and call regressions, it is insignificant in the put regressions and only significant in the call regression when outliers are admitted. The results for moneyness, proxied by S/X, are usually the wrong sign and insignificant. This suggests that further analysis of the impact of moneyness on the early exercise premium is needed.. Time to expiration (T -t) is expressed in years; S/X is the ratio of spot to exercise price; EEP is the early exercise premium as percentage of option price calculated as the absolute value of (A) B (B) divided by the in the money option closing price where (A) is the difference between the American call and put option prices and (B) is the difference between the call and put prices as implied by European put-call parity; the implied volatility of the underlying reference currency return is calculated from the previous day's at the money call option price. Interest rates are expressed as %. 
EEP, % T -t S/X S-X log(S/X)
The premium REEP is calculated as the absolute value of (A) B (B) divided by the in the money option price in which (A) is the difference between the American call and put prices and (B) is the difference between the call and put prices as implied by the put-call parity. In total 331 pairs of call and put options with an identical exercise price and time to expiration are used. T-t is the remaining time to expiration of the option in years; r is the domestic (US) risk-free interest rate, and r* is the foreign risk-free interest rate. In the money puts are used if the ratio of spot price (S) and exercise price (X), S/X < 0.99. Calls are taken into account if S/X > 1.010. * = significant on the 5%-level; ** = significant on the 1%-level. Values in brackets below coefficients are the t statistics that the coefficient value differs from zero. Equations are estimated using Newey-West standard errors (lag truncation = 4). Table 3 1. On the Garman-Kohlhagen model, see Garman and Kohlhagen (1983) . Bollen and Rasiel (2003) provides a recent discussion of this and other currency option models.
Constant r-r* T-t S/X
2. See e.g. Bodurtha and Courtadon (1995) .
3 . Intrinsic value is defined as the maximum of zero or the current spot price minus the exercise price for a call, and conversely for a put. The time value is the current option price minus the intrinsic value.
4. Laprise, et al. (2006) is a recent review of the complications and difficulties of determining a pricing formula for American options.
5. Another use of put-call parities is to derive implicit prices, e.g., Lung and Nishikawa (2005) for currency options.
6. Applying (2) to get the EEP P results in a negative value when the put is deep in the money. Hence, when assessing EEP P either the absolute value of the estimate from (2) is used or, more directly: ) 7. Notice that the implied volatility of call options is used for the put regressions. The reason for this is that the implied volatility of a call option gives a better estimate of the future volatility than the implied volatility of a put option.
8. It is well known that Eurodollar interest rates are more appropriate then T-Bill rates in evaluation covered interest relationships, e.g., El-Mekkaoui and Flood (1998) . Due to factors such as regulation and market structure the domestic T-Bill markets is less appropriate for capturing actual trade finance costs than the Eurodollar markets 9. The corresponding F(8, 136) and F(8, 176) 
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